Chemically synthesized combinatorial libraries of unmodi®ed or modi®ed nucleic acids have not previously been used in methods to rapidly select oligonucleotides binding to target biomolecules such as proteins. Phosphorothioate oligonucleotides (S-ODNs) or phosphorodithioate oligonucleotides (S 2 -ODNs) with sulfurs replacing one or both of the non-bridging phosphate oxygens bind to proteins more tightly than unmodi®ed oligonucleotides and have the potential to be used as diagnostic reagents and therapeutics. We have applied a split synthesis methodology to create one-bead one-S-ODN and one-bead one-S 2 -ODN libraries. Binding and selection of speci®c beads to the transcription factor NF-kB p50/p50 protein were demonstrated. Sequencing both the nucleic acid bases and the positions of any 3¢-O-thioate/dithioate linkages was carried out by using a novel PCRbased identi®cation tag of the selected beads. This approach allows us to rapidly and conveniently identify S-ODNs or S 2 -ODNs that bind to proteins.
INTRODUCTION
Synthetic phosphodiester-modi®ed oligonucleotides such as phosphorothioate oligonucleotide (S-ODN) (1) and phosphorodithioate oligonucleotide (S 2 -ODN) (2, 3) analogs have increased nuclease resistance and can bind to proteins with enhanced af®nity (4±8). Unfortunately, ODNs possessing high fractions of phosphorothioate or phosphorodithioate linkages appear to lose some of their speci®city (6±8) and are`stickier' towards proteins in general than normal phosphate esters, an effect often attributed to non-speci®c interactions (8) . This can be quite important since the recognition of nucleic acid sequences by proteins involves speci®c side chain and backbone interactions with both the nucleic acid bases as well as the phosphate ester backbone (9±12). We can take advantage of this`stickiness' to enhance the af®nity of S-ODN and S 2 -ODN agents for a protein target. However, we need to optimize the total number of phosphorothioate or phosphorodithioate linkages to decrease non-speci®c binding to the protein target and enhance only the speci®c favorable interactions with the target protein.
A recent advance in combinatorial chemistry has been the ability to construct and screen large random sequence nucleic acid`aptamer' libraries (13±15) targeting proteins (16±18) and other molecules (19±22). However, the identi®cation of speci®c S-ODN aptamers (`thioaptamers') that bind proteins (23, 24) based upon in vitro combinatorial selection methods is limited to substrates only accepted by polymerases required for reampli®cation of selected libraries by PCR. One disadvantage of this polymerization of substituted nucleoside 5¢-triphosphates into ODN aptamers restricts the choice of P-chirality by the enzymatic stereospeci®city (1) . It is known that [S P ]-diastereoisomers of dNTP(aS) in Taq-catalyzed polymerization solely yield [R P ]-phosphorothioate stereoisomers (1) . Therefore, it is not possible to select [S P ]-phosphorothioate stereoisomers along with achiral S 2 -ODN analogs since both [Rp]-diastereoisomers of dNTP(aS) and nucleoside dNTP(aS 2 ) are not substrates of polymerases (25) . Additionally, in these in vitro combinatorial selection methods the many iterative cycles of selection and reampli®cation of the bound remaining members of the library by PCR are quite time consuming.
Selection from one-bead one-compound libraries (26, 27 ) based on split synthesis methods (28, 29) offers an attractive alternative to in vitro combinatorial selection methods and has been demonstrated for organic molecule (30) , peptide (26, 27, 31) and oligosaccharide libraries (32±34). Remarkably a one-bead one-oligonucleotide (S-ODN or S 2 -ODN) *To whom correspondence should be addressed. Tel: +1 409 747 6800; Fax: +1 409 747 6850; Email: david@nmr.utmb.edu combinatorial library selection methodology has not been previously demonstrated for identifying a speci®c oligonucleotide aptamer that binds to speci®c proteins or other molecules. S 2 -ODN reagents with sulfurs replacing both of the non-bridging phosphate oxygens are isosteric and isopolar with the normal phosphorodiester. Importantly, S 2 -ODNs are achiral about the dithiophosphate center, which eliminates problems associated with diastereomeric mixtures generally obtained for the chemically synthesized S-ODN. Here we report the results of our initial development of the split synthesis approach to the construction of both S-ODN and S 2 -ODN bead-based thioaptamer libraries. Speci®c S-ODNs and S 2 -ODNs were identi®ed by screening of the libraries against a transcription factor NF-kB p50/p50 protein. Sequencing both the nucleic acid bases and the positions of any 3¢-O-thioate/ dithioate linkages was carried out by using a novel PCR-based identi®cation tag of the selected beads.
MATERIALS AND METHODS
The dA, dG, dC and dT phosphoramidites were purchased from Applied Biosystems (Palo Alto, CA) or Glen Research (Sterling, VA). The Beaucage reagent (3H-1,2-benzodithiol-3-one 1,1-dioxide) was from Glen Research. The Taq polymerase kits were from Applied Biosystems. The TOPO TA Cloning kit was from Invitrogen. The Klenow DNA polymerase I was from Promega. Polystyrene beads (60± 70 mm) with non-cleavable hexaethyleneglycol linkers with a loading of 36 mmol/g were from ChemGenes Corp. (Ashland, MA). The Alexa Fluor 488 dye was from Molecular Probes (Eugene, OR). The dA, dG, dC and dT thiophosphoramidites were synthesized as previously described (2, 3, 6, 35, 36) . The ODNs and S-ODNs used in the study were synthesized on a 1 mmol scale in an Expedite 8909 System (Applied Biosystems) DNA synthesizer.
Synthesis of S-ODN and S 2 -ODN libraries
Standard phosphoramidite and thiophosphoramidite chemistry (2, 3, 36) was used for the S-ODN and S 2 -ODN libraries, respectively. The libraries were prepared on a 1 mmol scale on polystyrene beads. The downstream and upstream primers (5¢-GGATCCGGTGGTCTG-3¢ and 5¢-CCTACTCGCGAATTC-3¢) were synthesized in parallel on a two-column DNA synthesizer (Expedite 8909; Applied Biosystems). Following the 5¢-primer, the sequences programmed on the synthesizer for the combinatorial S-ODN library were 5¢-*CA*GT*T-G*AG*GG*GA*CT*TT*CC*CA*GG*C-3¢ on column 1 and 5¢-*cC*tG*cA*cA*tC*tC*aG*gA*tG*aC*tT*t-3¢ on column 2. The sequences programmed for the combinatorial S 2 -ODN library were 5¢-ATGT*AGCC* A*GCTAGT*CTG*TCAG-3¢ on column 1 and 5¢-CGCC*cAGT*g*aAG GTG*gaA*C-CCC-3¢ on column 2. The 3¢-primer sequence completed the 52mer programmed on the synthesizer. A`split and pool' occurred at each position indicated by an asterisk in order to synthesize the combinatorial region for the S-ODN and S 2 To 0.5 ml of p50/p50 protein [0.215 mg/ml, expressed and puri®ed as previously described (9, 10, 37) ] in PBS containing 30% glycerol was added 50 ml of 1 M bicarbonate. The protein was transferred to a vial of reactive Alexa Fluor 488 dye and stirred at room temperature for 1 h. Fluorescently labeled protein was puri®ed according to procedures from Molecular Probes. The labeled protein was stored at 4°C in the dark.
Alexa Fluor 488-labeled p50/p50 binding to beads and selection of beads A portion of the double-stranded S-ODN or S 2 -ODN library (~3.0 mg of the beads) was suspended in 300 ml of blocking buffer (PBS containing 0.05% Tween-20) and incubated at room temperature for 1 h in a microcentrifuge tube. The beads were washed with 300 ml of PBS and pelleted by centrifugation. The beads were suspended in 300 ml of Alexa Fluor 488-labeled p50/p50 (0.07 mg/ml) at room temperature for 2 h and then washed with blocking buffer (2Q 300 ml) and PBS (2Q 300 ml). A portion of the beads was transferred to a slide and viewed under a¯uorescence microscope. Individual beads with the highest¯uorescence intensity were removed by a micropipette attached to a micromanipulator, sorted into PCR microcentrifuge tubes and washed with 8 M urea (pH 7.2) to remove the bound protein.
One-bead one-PCR ampli®cation and sequencing of PCR product A selected single bead was mixed with the following PCR components: 6 ml of 25 mM MgCl 2 (8 ml for 15mer, 10mer and 8mer primers), 0.5 ml of Taq polymerase (5 U/ml), 1 ml of 8 mM dNTP, and 10 ml of PCR buffer and 1 ml of 40 mM primers. The PCR was run on a GeneAmp PCR system 2400 (Perkin Elmer). The PCR mixtures were thermal cycled using the following scheme for ampli®cation: 94°C for 5 min (1 cycle); 94°C for 2 min, 55°C for 2 min (35°C for 10mer and 8mer primers) and 72°C for 2 min (35 cycles); 72°C for 7 min (1 cycle). The PCR products were analyzed on a 15% native polyacrylamide gel. The PCR product was cloned using the TOPO TA cloning procedure (Invitrogen) and sequenced on an ABI Prism 310 Genetic Analyzer (Applied Biosystems).
RESULTS

One-bead one-oligonucleotide libraries
A primary consideration for designing a one-bead one-ODN library using phosphoramidite chemistry is de®ning suitable bead linker chemistry where the ODNs can be synthesized and yet remain covalently attached to the beads after full deprotection. Additional considerations include development of the split synthesis method for construction of the ODN library, screening bead-based ODN libraries in aqueous media for one-bead binding assays and sequencing of the ODN bound on the individual bead. Although long chain alkylamine controlled pore glass (LCA-CPG) (38) (Pierce Chemical Co., Rockport, IL) has been used for many years for ef®cient ODN synthesis, LCA-CPG was not suitable for generation of onebead one-ODN libraries. The size, homogeneity and swelling of CPG are not adequate for one-bead one-compound chemistry (27) . Another disadvantage of the currently available CPG linker chemistry is that ODNs are cleaved from the solid support during the ammonia deprotection step (38) . An advance in solid support chemistry has been the ability to synthesize ODNs on more uniform polystyrene beads. Importantly, using new chemistry developed by ChemGenes Corp. for a non-cleavable hexaethyleneglycol linker attaching the ®rst phosphoramidite, the synthesized ODNs are still covalently attached to the beads after full base and phosphate ester deprotection. In this procedure each unique ODN chemical entity in the combinatorial library is attached to a separate support bead. Selection of a bead-based ODN combinatorial library can then be carried out by binding the bead library of ODNs to a target protein under high stringency conditions where only a few beads show binding. How do we identify the ODN sequence on the selected beads? Following the in vitro combinatorial selection method for identi®cation of selected ODN sequences (13, 14) , we utilize de®ned 5¢ and 3¢ ®xed ODN primer sequences¯anking the combinatorial library segment of the ODN. The ®xed primer regions allow PCR ampli®cation of the sequence as well as Klenow extension of the covalently attached ssDNA to produce a combinatorial library of dsODN attached to the beads.
Primer design for one-bead one-ODN
Initially we synthesized a template ODN consisting of a desired 14mer sequence region¯anked by two 18mer primers on the beads (ODN 1 in Table 1 ). Its ability to support onebead one-PCR ampli®cation was tested for several individual beads. The PCR product was cloned using the TOPO TA cloning procedure and sequenced on an ABI Prism 310 Genetic Analyzer. The desired sequence was con®rmed. Although 18mer or longer primers are generally used in PCR ampli®cation (39) , shorter primers are attractive since the size of the ODN is limited by the synthesis yields for long ODNs. Consequently, longer combinatorial sequence libraries would be possible with shorter primer sequences; in addition, shorter primer sections will reduce non-speci®c binding of target proteins to the ODN bead library. To study the primer length requirement for one-bead one-PCR ampli®cation, a series of primers with varying lengths (8mer, 10mer and 15mer; see Table 1 ) were designed and synthesized to hybridize to the 52mer template ODN containing both 5¢ and 3¢ primer regions (ODN 2 in Table 1 ) on the support beads. The PCR products of these primers were monitored by 15% polyacrylamide gel electrophoresis (Fig. 1) . The PCR conditions were optimized for each pair of primers of varying length. No detectable band was observed with the 8mer primers, even at the highest concentration tested (Fig. 1 , lanes 5 and 6). A weak band was detected with the 10mer primers (Fig. 1, lanes 3 and 4) . A strong band was observed with 15mer primers (Fig. 1, lanes 1 and 2) . The ®delity in the Taq polymerase ampli®cation yielding the ODN products was con®rmed by cloning and sequencing (data not shown). These results suggest that ODNs with primer lengths of 10 nt or greater are required for ef®cient PCR ampli®cation. In this study, 15mer primers were selected for the following experiments.
Generation of a self-encoded S/S 2 -ODN library
To introduce many copies of a single, chemically pure S-ODN or S 2 -ODN onto each bead, we utilize a`mix and separate' split synthesis method (Scheme 1). A two-column DNA synthesizer was used for constructing the library. The normal phosphate backbone linkages were generated using standard phosphoramidite monomers via oxidation in column 1, while the phosphorothioate or phosphorodithioate linkages were synthesized using standard phosphoramidite or thiophosphoramidite monomers via sulfurization in column 2, respectively. Two sequences of the same length are programmed for each column and are designed such that the bases are different at every equal position not only for diversifying base compositions but also for coding a phosphate, phosphorothioate or phosphorodithioate linkage. Thus on an Expedite 8909 DNA synthesizer with dual columns, onto column 1 a phosphoramidite (for example dC) is coupled to the bead and after completion of oxidation, the resulting product is the nucleotide (dC) with a phosphotriester linkage. On column 2 a nucleoside phosphorothioate or phosphorodithioate is introduced with a different base (dT for example). The support beads from the two columns are mixed and resplit and in the second cycle, additional phosphoramidites or thiophosphoramidites are introduced, followed by oxidation and sulfurization reactions individually in columns 1 and 2. After additional coupling steps and after ®nal split/pool synthesis is completed, the end products comprise a combinatorial library of ODNs with varying thioate/dithioate or normal phosphate ester linkages at varying positions along the ODN strand attached to the support. Each bead contains a single chemical entity with a speci®ed backbone modi®cation that is identi®ed by the base. In the above example, any dC at position 1 of the sequence will be a 3¢-phosphate while a dT at position 1 would indicate that it contains a 3¢-thiophosphate. We applied this scheme to synthesize a library of 4096 (2 12 ) one-bead one-S-ODN. This library consists of a 22 nt combinatorial sequence (12 split/pool steps)¯anked by 15 nt de®ned primer regions at the 5¢ and 3¢ ends ( Table 1 ). The 3¢ ends of the sequences were attached to the polystyrene beads. As noted above, the de®ned primer sequences were incorporated to allow PCR ampli®ca-tion and identi®cation of the ODN sequence on the selected beads. Thus the downstream primers were ®rst automatically synthesized in parallel on the two columns. The S-ODN sequences of the combinatorial 22mer segment on each column were programmed for each column and were generated by introducing a phosphorothioate linkage on every other base in column 2, following the`split and pool' approach. The identical upstream primer sequences were then completed on both columns. As described below, a smaller S 2 -ODN library was created in similar fashion.
Selection and sequencing of the S-ODN beads
Binding of the transcription factor NF-kB p50/p50 homodimer and selection of speci®c beads was demonstrated by ®rst converting the single-stranded S-ODN to dsDNA since the NF-kB transcription factor binds to DNA duplexes. The single-stranded 52mer S-ODN combinatorial library (typically 1±3 mg of beads) was converted to dsDNA by Klenow DNA polymerase I reaction in the presence of DNA polymerase buffer, dNTP mixture and reverse primer. Therefore, one strand of the duplex potentially contained thiophosphate backbone substitutions in the combinatorial library segment and the other complementary strand was composed of unmodi®ed phosphate backbone ODN. A duplex DNA library in which both strands contain S-ODN modi®cations could also be generated using a Klenow reaction with no more than three dNTP(a)S (23, 40) . Because the S-ODN strand attached to the support was chemically synthesized utilizing phosphoramidite chemistry, each thiophosphate is a mixture of R P and S P stereoisomers. The beads were suspended in a diluted solution of NF-kB p50/p50 homodimer labeled with the Alexa Fluor 488 dye at room temperature for 2 h. After washing with PBS containing 0.1% Tween 20 and PBS to minimize non-speci®c binding, a portion of the beads was viewed under both light and¯uorescence microscopes as shown in Figure 2 . Typically, a few positive beads were intensely stained when viewed bȳ uorescence, while the majority of the beads remained unstained, as shown in Figure 2b . With the aid of a micropipette coupled to a micromanipulator, the intensely stained beads were retrieved as shown in Figure 2c .
Five positive beads from the S-ODN library were selected. Each individual bead was washed thoroughly with urea to remove the protein and was directly used for our`one-bead one-PCR' ampli®cation using the 5¢ and 3¢ end primers described above. The PCR product was cloned and sequenced. Table 2 lists four of the S-ODN sequences obtained.
Binding and selection of the combinatorial library of S 2 -ODN beads
As we (6) and others (7) have shown, S 2 -ODNs generally bind even more tightly to proteins than unsubstituted or S-ODN analogs. Thus, it is signi®cant that this S-ODN bead-based combinatorial selection method can be applied to dithiophosphate backbone substitutions, since in vitro combinatorial selection is only possible for thiophosphate substituted ODNs with limited P-chirality. To demonstrate, a small one-bead one-S 2 -ODN library was synthesized consisting of a pool of 32 (2 5 ) sequences to allow further optimization of in vitro or Scheme 1. General¯ow diagram for the solid-phase synthesis of a one-bead one-S/S 2 -ODN library. In the ®rst cycle, in column 1, a phosphoramidite dC was used to form a dinucleotide phosphotriester dGC via a phosphotriester linkage; in column 2, a phosphoramidite T was used to form a dinucleotide thiophosphotriester dGt via a phosphothiotriester linkage. Upon pooling, the end products are a mixture of two kinds of bead-bound dinucleotides comprised of phosphorotriester and phosphothiotriester. After splitting and pooling through three such cycles the eight (2 3 ) possible ODN and/or S-ODN tetraoligonucleotides are represented on separate beads. A lower case letter denotes a 3¢-thioate, while an upper case letter denotes a 3¢-phosphate. The S 2 -ODN library was generated by replacing the phosphoramidite with a thiophosphoramidite globally in column 2. The sulfurization step immediately followed the thiophosphoramidite coupling step.
bead-based S-ODN selected sequences. Chemical synthesis of S 2 -ODN avoids problems created by a mixture of diastereoisomers of chemically synthesized S-ODN. The random region (5¢-CGCCcAGTgaAGGTGgaACCCC-3¢) in column 2 was identi®ed as a S-ODN sequence derived from an in vitro combinatorial selection methodology that binds the NF-kB p50/p50 protein with high af®nity (<20 nM) (37) (all lower case letters indicate enzymatically synthesized chiral 3¢-thioate linkages). The programmed combinatorial region sequence (5¢-ATGTAGCCAGCTAGTCTGTCAG-3¢) in column 1 was designed such that the bases at each 3¢-dithioate position were different from the bases in column 2 at each equal position, further allowing base sequence to identify backbone substitution. Thiophosphoramidite chemistry with sulfurization was used to generate 3¢-dithioate linkages. Only the previous 3¢-thioate linkages were replaced with 3¢-dithioate linkages. The`split and pool' step followed most of the dithioate modi®cations. We have also identi®ed S 2 -ODNs by selecting beads binding¯uorescently labeled p50/ p50 homodimer, followed by PCR ampli®cation of ®ve individually selected S 2 -ODN beads and cloning and sequencing of the PCR products. The sequences are also listed in Table 2 .
DISCUSSION
Nucleic acid`aptamers' have previously been selected by incubating the target (protein, nucleic acid or small molecule) with the combinatorial library and then separating the nonbinding species from the bound. The bound fractions are then ampli®ed using PCR and subsequently reincubated with the target in a second round of screening. These iterations are repeated (often 10±20 cycles) until the library is enhanced for sequences with high af®nity for the target. However, aptamers selected from combinatorial RNA and DNA libraries have generally had normal phosphate ester backbones, and so would generally be unsuitable as drugs or diagnostics agents that are exposed to serum or cell supernatants because of their nuclease susceptibility. Rapid degradation of natural ODNs Among a large variety of modi®cations, S-ODN and S 2 -ODN render the agents more nuclease resistant. Very encouragingly, the ®rst antisense therapeutic drug utilizes a modi®ed S-ODN (CIBA Vision, a Novartis company). The S 2 -ODNs also show signi®cant promise (6, 7) . However, the effect of substitution of more nuclease-resistant thiophosphates cannot be predicted, since the sulfur substitution can lead to signi®cantly decreased (or increased) binding to a speci®c protein (50; X.Yang, unpublished results) as well as structural perturbations (51) and thus it is not possible to predict the effect of backbone substitution on a combinatorially selected aptamer. Thus, if at all possible, selection should be carried out simultaneously for phosphate ester backbone substitution as well as the base sequence. Recently we described an in vitro combinatorial selection of thioaptamers from random or high sequence diversity libraries based on their tight binding to the target (e.g. a protein or nucleic acid) of interest (23,37,52±55) .
Oligonucleotides possessing high fractional substitutions of monothioate/dithioate internucleotide linkages appear to bè stickier' towards proteins than normal phosphate esters, and therefore thioaptamers with complete thiophosphate backbone substitutions appear to lose much of their speci®city (8) . This increased af®nity is partly due to the fact that the thioate groups only poorly coordinate hard cations such as sodium ions (56), and thus the thioaptamers serve as`bare' anions and don't require any energy to strip away the neutralizing cations to bind to proteins. This can be quite important since proteins recognize DNA at both the bases and phosphate esters. In our previous studies (6), we have demonstrated that binding of S 2 -ODNs to a protein target requires only a limited number of phosphorodithioate linkages in a speci®c ODN sequence to achieve very high af®nities.
In this paper, we have developed a split and pool synthesis combinatorial chemistry method for creating combinatorial S-ODN and S 2 -ODN libraries (and readily extended it to unmodi®ed ODNs, whether single strand or duplex). In this procedure each unique member of the combinatorial library is attached to a separate support bead. Targets that bind tightly to only a few of the potentially millions of different support beads can be selected by binding the targets to the beads and then identifying which beads have bound target by staining and imaging techniques. Our methodology allows us to rapidly screen and identify aptamers that bind to proteins such as NFkB using a novel PCR-based identi®cation tag on the selected bead.
The preliminary results obtained from two libraries in this paper indicate that the methodology can be applied to other backbone or base modi®cations that are compatible with templates containing these modi®cations. It is important that not only the S-ODNs but even the S 2 -ODNs are capable of acting as templates recognized by DNA polymerases for PCR ampli®cation of selected S 2 -ODN beads. This demonstrates that nucleic acid analogs with phosphorodithioate linkages can be utilized as a template in the nucleotidyltransferase reaction catalyzed by DNA polymerases. Misra et al. (57) have also noted that polyamide nucleic acids lacking the phosphate backbone are recognized as templates for the polymerase reaction.
In vitro selection of combinatorial libraries of S 2 -ODNs is not possible because dNTP(aS 2 ) is not a substrate for polymerases and our split synthesis, bead-based S 2 -ODN library selection method represents the only current combinatorial approach for identifying both optimal number and location of dithioate substitutions as well as base sequences for these S 2 -ODN aptamers. Additionally, even for the thioate library selection, the in vitro methods involving iterative cycles of selection, isolation and reampli®cation of the bound members of the library by PCR ampli®cation are very time consuming, in contrast to a single cycle of split/pool synthesis, selection and identi®cation. The split/pool beadbased method demonstrated in this study thus allows us to identify the positions of any 3¢-monothioate/dithioate linkages.
Although the beads were screened against a target protein labeled with a¯uorescent dye, the beads can also be screened directly against the unmodi®ed transcription factor. The binding of NF-kB to a speci®c sequence can be detected using a primary anti-NF-kB antibody, followed by a secondary antibody conjugated to a marker molecule including¯uorescein or rhodamine for¯uorescence microscopy (X.Yang, unpublished results).
For veri®cation of our selection results, the S-ODN, 5¢-CtGTGAGtCGACTgAtGaCGGt-3¢ (lower case letters represent location of 3¢-thioates), was independently synthesized on the non-cleavable linker bead support, hybridized with its complementary ODN and then mixed again with p50/p50 protein labeled with the Alexa Fluor 488 dye. The¯uores-cence intensity of all of the beads viewed under thē uorescence microscope was qualitatively similar to the intensity of the selected bead containing this sequence within the combinatorial library. This result suggests that the primer regions do not contribute to the binding of p50/p50. Quantitative studies on the af®nities of the selected S-ODNs and S 2 -ODN duplexes for the protein along with selection from a large combinatorial library (~10 6 ±10 8 ODNs) to NF-kB are in progress.
In earlier studies (37) we have shown that a thioaptamer clone obtained from an in vitro combinatorial selection experiment (15 rounds of selection) bound to p50/p50 with an apparent dissociation constant <5 nM (thiophosphate modi®cation 5¢ to each dA residue, 5¢-GGGGTTCCACCT-TCACTGGGCG-3¢´3¢-CCCCAAGGTGGAAGTGACCCGC-5¢). A chemically synthesized thioaptamer of the same sequence bound with a dissociation constant of <20 nM. It should be noted, however, that each chemically synthesized thioaptamer consists of a diastereomeric mixture containing 2 n different stereoisomers, where n is the number of thiophosphates (2 7 = 128 for the p50/p50 selected thioaptamer). To test the importance of the thiophosphate substitutions in the thioaptamer toward the p50/p50 homodimer, we have previously shown that a tight binding 15th round thioaptamer clone synthesized by PCR with a nucleotide mix containing dATP instead of dATP(aS) showed no binding of the normal phosphoryl backbone aptamer to p50/p50 protein, supporting the critical role played by the thiophosphates.
Phosphoramidite chemistry has been widely used for the synthesis of S-ODNs (45) because of its automation, high coupling ef®ciency and ease of site-speci®c thioate linkage incorporation. Synthesis of S-ODNs is presently carried out by e132 Nucleic Acids Research, 2002, Vol. 30, No. 23 initial formation of an internucleoside phosphite linkage followed by sulfurization of the phosphite triester to a phosphorothioate. The resulting S-ODNs are a mixture of diastereoisomers and, consequently, the diastereomeric S-ODN mixtures may have variable biochemical, biophysical and biological properties. Each bead then contains a library of monothioate aptamers (a library of libraries) since each bead contains the identical sequence and position of thiophosphate substitution, but represents a mixture of diastereomers introduced through the new monothiophosphate chiral centers. We could in principle use stereocontrolled synthesis (46,58) of a stereo-de®ned S-ODN library to determine which is the best binder to the protein, but our ultimate goal is to select a thioaptamer (or thioaptamer library) which has high af®nity for the target protein or biomolecule. Our preliminary binding data (37) suggest that diastereoisomeric mixture libraries have good selectivity and af®nity, although not as high as pure stereoisomers.
Another possible solution lies in the synthesis of modi®ca-tions which are achiral at phosphorus, such as the above S 2 -ODN thioaptamer library study. In addition, dithioates appear to have greater`stickiness' to proteins than the thioates or unmodi®ed ODN backbone (6, 7, 41) .
The current approach demonstrated in this study requires a different nucleotide sequence to identify the backbone modi®cation. We have also created S-ODN and S 2 -ODN libraries that only differ in the position of phosphate or dithioate but not in their base sequence. Eckstein has shown that the positions of thiophosphates in a mixed backbone S-ODN sequence can be determined by reaction of the S-ODN with iodoethanol followed by base catalyzed cleavage of the thiophosphate triester (59) . Preliminarily, we have demonstrated the feasibility of this approach for identifying the location of thioate linkages, independent of base sequence (X.Yang, unpublished results).
The search for other split synthesis, bead-based combinatorial libraries containing base modi®cations and hybrid backbones with phosphate ester, thioates, dithioates or potentially neutral methylphosphonates or even peptide nucleic acid chimeras with improved properties, such as enhanced binding af®nity for a speci®c protein, increased biological stability, and improved cellular uptake, could be achieved by the split synthesis combinatorial selection method described here.
By the split/pool method with two columns we can create 2 N different members of the library for N split/pool steps. Utilizing more columns (M) would allow us to synthesize M N different beads with one unique thioaptamer sequence on each bead. The limit to the size of the combinatory library is the number of steps (N) and the number of columns (M) and of course the total number of beads, which generally is in the region of 10 6 or more depending upon the size of the beads and synthesizer columns. Recently we have succeeded in also synthesizing aptamer beads on 15±20 mm beads (X.Yang, unpublished results) and thus a 40-fold increase in the library size is possible. Finally, we could in principle have library sizes comparable to those created by in vitro combinatorial selection methods by utilizing mixtures of phosphoramidites/ thiophosphoramidites (up to eight different species) at selected positions in a given synthesis step. This would create a library of libraries of beads, each bead containing a library of any complexity. We could thus easily create 10 6 beads with 10 8 combinatorial library members on each bead; the total diversity in principle is thus 10 14 , the same as in in vitro combinatorial selection libraries.
Sulfur substitution in aptamers alters the binding af®nity and sequence that is obtained by in vitro combinatorial selection methods. Post-selection phosphorothioate modi®ca-tions of in vitro combinatorially selected sequences can thus result in thioaptamers in which af®nity cannot be reliably predicted. The simultaneous selection for both avoids this dif®culty. The bead-based split synthesis, selection and PCR identi®cation of combinatorial aptamer libraries now provides a means to combinatorially select both monothioate and dithioate variations on aptamers.
